Photoacoustic computed tomography (PACT) holds great promise for transcranial brain imaging. However, the strong reflection, scattering and attenuation of acoustic waves in the skull present significant challenges to developing this method. We report on a systematic computer-simulation study of transcranial brain imaging using PACT. The goal of this study was to identify an effective imaging system design that can be translated for clinical use. The propagation of photoacoustic waves through a model skull was studied by use of an elastic finite-difference time-domain (FDTD) method. The acoustic radiation pattern from a photoacoustic source just beneath the skull was observed with a ring transducer array that was level with the source. The observed radiation pattern was found to contain stronger contributions from waves that were converted to shear waves in skull than longitudinal waves that did not undergo mode conversion. Images reconstructed from the pressure data that contain shear wave components possess better resolution than images reconstructed from the data that only contain the longitudinal wave signals. These observations revealed that the detection system should be designed to capture photoacoustic signals that travel through the skull in the form of shear waves as well as in the form of longitudinal waves. A preliminary investigation on the effect of the presence of absorption in the skull is also reported. This study provides an insight into the wave phenomena in transcranial PACT imaging, as well as a concrete detection design strategy that mitigates the degraded resolution of reconstructed images.
INTRODUCTION
Photoacoustic computed tomography (PACT), also known as optoacoustic tomography, is a non-invasive, hybrid computed imaging modality that combines the rich contrast of optical imaging methods with the deep penetration and high spatial resolution of ultrasound imaging methods. [1] [2] [3] In PACT, the target is illuminated with a short laser pulse, and elastic waves are generated in the surrounding medium via the photoacoustic effect. Ultrasonic transducers are subsequently employed to measure the photoacoustic signals at a number of locations outside the object. From these data, a PACT image reconstruction algorithm is employed to produce an image that depicts the spatially variant absorbed optical energy density within the object.
A successful use of PACT has been demonstrated in functional imaging of mouse brains. 4 For animals with thicker skulls, PACT provides images that qualitatively depict large vascular structures of the brain. 5 However, the propagation of elastic waves through the skull induces significant changes to the photoacoustic signals because of the presence of the strong refraction, reflection and attenuation of elastic waves in cortical bone. These effects can result in reconstructed images with distortions and degraded spatial resolution. In recent studies, algorithms that compensate for the heterogeneity of the speed of sound (SOS) have been developed for reconstructing PACT images, 6, 7 which may benefit transcranial PACT applications.
In this article, we report on a systematic computer-simulation study of transcranial brain imaging using 3D PACT that demonstrates the feasibility of an imaging system that utilizes shear waves as well as longitudinal waves. The imaging system is shown to alleviate the distortions and degraded resolution of reconstructed images without computational compensation for the SOS heterogeneity. The propagation of photoacoustic waves through a model skull is studied by use of an elastic finite-difference time-domain (FDTD) method. The acoustic radiation pattern from a photoacoustic source just beneath the skull is observed with a ring transducer array that is level with the source. The observed radiation pattern is found to contain more of the waves that come through the skull in the form of shear waves than the waves that come in the form of longitudinal waves. Images reconstructed from the pressure data that contain shear wave components possess better resolution than images reconstructed from the data that only contain the longitudinal wave signals. These observations reveal that the detection system can be designed to capture photoacoustic signals that travel through the skull in the form of shear waves as well as in the form of longitudinal waves. A preliminary investigation on the effect of the presence of absorption in the skull is also reported. This study provides an insight into the wave phenomena in transcranial PACT imaging, as well as a concrete detection design strategy that mitigates the degraded resolution of reconstructed images.
BACKGROUND
Below we review the salient features of the imaging physics, the method of elastic FDTD and convolutional perfectly-matched layer (CPML), and the image reconstruction algorithm that will be employed in our studies.
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Imaging physics
In PACT, a pulsed laser is employed to irradiate the object, and the photoacoustic effect results in the generation of a stress tensor field σ(r, t), where r ∈ R 3 and t are spatial and temporal coordinates, respectively. In this work, the to-be-imaged object and the surrounding medium are assumed to possess a linear isotropic elasticity described by Hooke's law. Additionally, an empirical diffusive absorption model is employed for modeling the absorption of elastic waves in the cortical bone. 13 Under these conditions, the photoacoustic field σ(r, t) and the corresponding velocity vector field u(r, t) satisfy the first-order elastic wave equations
subject to the initial conditions u(r, t)| t=0 = 0, ∂u(r, t) ∂t
σ(r, t)| t=0 = −ΓA(r)I, ∂σ(u, t) ∂t
where ∇ denotes the spatial differential operator, α(r) is the absorption coefficient, ρ(r) is the density, λ(r) and µ(r) are the Lamé parameters, I is the identity tensor, D(r, t) is the strain rate tensor defined as
where ∇u(r, t) T denotes the transpose of the tensor ∇u(r, t), A(r) is a compactly supported and bounded function that represents the absorbed optical energy density, and Γ is the Grüneisen coefficient, which represents the photoacoustic effect.
1 Here, we assume that the Grüneisen coefficient is constant because A(r) is assumed to be supported within soft tissue in this work, and thus the variation of the coefficient is negligible. The photoacoustic field is subsequently measured with ultrasonic transducer elements placed outside the object. Since we assume that all transducer elements are located in the medium with µ = 0 (no support for shear wave propagation; additional details described in Section 3.1), the photoacoustic field in the medium in which the transducer elements reside is identified as an isotropic pressure field σ(r, t) = −p(r, t)I = 
In a mathematical sense, the goal of PACT is to determine A(r) from knowledge of p(r, t).
Method of elastic FDTD and CPML
The first-order elastic wave equations (1) and (2) are discretized by use of a staggered grid. [9] [10] [11] The temporal derivatives that appear on the left-hand side of the equations are approximated as second-order temporal finitedifferences (FDs), and the spatial derivatives on the right-hand side as fourth-order spatial FDs. The discretized velocity vector field is defined at the time points t = 0, ∆t, 2∆t, . . . while the stress tensor field is defined at the time points t = The stress tensor field and the velocity vector field are assumed to be defined in an infinite medium in this work. To simulate the fields by use of a finite-size computational volume, we employ the unsplit CPML technique 12 to avoid artificial reflection and/or distortion of photoacoustic waves at the boundary of the computational volume. The technique introduces absorbing boundary layers that each modify the spatial derivatives along the direction perpendicular to the layer as
where the subscript ξ denotes the direction, κ ξ ≥ 1 is a damping coefficient, and ψ ξ is a memory variable that satisfies the time-evolution equation
where the superscripts, e.g. (n), denote the time step, and a ξ and b ξ are defined as
Here, d ξ ≥ 0 and α ξ ≥ 0 are damping coefficients. We refer the reader to Ref. 12 for the additional details of the CPML technique, e.g. the optimal values of the damping coefficients.
Image reconstruction
In this work, a widely-employed back-projection algorithm is used for reconstructing PACT images. 8, 14 The absorbed optical energy density A(r) is reconstructed from the pressure data measured at N transducer locations that are each specified by r n (n = 1, . . . , N ) as
where the superscript 'r' denotes that A r (r) is a reconstruction of A(r), ∆Ω n is the solid angle of the nth transducer defined as ∆Ω n = n n · (r − r n )/ r − r n 3 , where n n is the normal vector of the nth transducer, Ω 0 is the total solid angle defined as Ω 0 = N n=1 ∆Ω n , and c eff is the effective SOS. For use of comparison, A(r) in the horizontal (xy) plane that passes through the center of the object is reconstructed.
COMPUTER-SIMULATION STUDIES
Computer simulation studies were conducted to systematically investigate the feasibility of an imaging system that utilizes shear waves as well as longitudinal waves.
Imaging system configuration
To demonstrate the improvement of resolution owing to the presence of shear waves, we considered a 3D imaging configuration that was based on a spherical model skull (Fig. 1) . The model skull was a truncated spherical shell with an outer diameter of 200 mm and a thickness of 5 mm that was placed within a rectangular computational volume with a size of 278.4 mm(x)× 278.4 mm(y)× 91.2 mm(z). The computational volume consisted of 928 (x) × 928 (y) × 304 (z) cells with a 0.3 mm interval that each retain the value of σ(r, t), u(r, t), and other material property variables. The volume was enclosed with 16 layers of CPML. 100 point-like transducer elements were employed to form a ring transducer array with a radius of 110 mm. Each transducer element was assumed to have a normal vector pointing to the center of the ring. The to-be-imaged object was a 3D Gaussian blob defined as
where s = 1.5 mm denotes the standard deviation and r 0 denotes the center of the blob that was located 15 mm beneath the top of the skull, i.e. 10 mm beneath the inner surface of the skull. The ring transducer array and the object were concentric. The skull was assumed to be made of solid cortical bone that supports shear wave propagation and placed within a water-like medium that does not support shear wave propagation. The elasto-acoustic properties of cortical bone and the water-like medium are summarized in Table 1 . Notice that the SOS of shear waves in cortical bone is equal to the SOS of longitudinal waves in the water-like medium.
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The Grüneisen parameter Γ in the object was assumed to have a value of 2000. 
Numerical details
Due to the large size of the computational volume (≈ 260 million cells), FDTD simulations of the propagation of photoacoustic waves are computationally burdensome and demanding in terms of the amount of memory. Therefore, we implemented an elastic FDTD algorithm as a GPU-based massively parallel algorithm whose basic design was inspired by Refs. 10 and 15 and briefly described as follows.
Let G be the number of GPU units. The computational volume θ is divided by xz-planes into G equal-sized sub-volumes {θ g } G g=1 that are specified by the index g = 1, . . . , G. Each sub-volume θ g is given an additional 2 layers of cells at each interface with the adjacent sub-volume, which we refer to as margin layers. The subvolumes {θ g } G g=1 are distributed to G CPU threads that each manage one GPU unit. In each thread, θ g is loaded into the global memory of the GPU unit. To minimize the number of accesses to the global memory, the sub-volume is further divided into a collection of two-dimensional (2D) xz-tiles that each have 16 × 16 cells, and the tiles are consecutively loaded into the shared memory. The values of the tile loaded into the shared memory are parallelly updated by use of 256 (= 16 × 16) GPU threads and sent back to the global memory on the completion of the update. Each time step is executed in two phases. In the first phase, the GPU computes the values of the tiles that correspond to the margin layers of the adjacent sub-volume. The result is copied into the margin layers of the adjacent sub-volume via the message passing interface (MPI). In the second phase, the GPU unit computes the values of the remaining tiles using the values of the margin layers that come from the adjacent sub-volume. In either phase, the velocity vector field is updated first based on the discretized version of the Eq. (1), and then the stress tensor field is updated based on Eq. (2).
The GPU-based FDTD routine and the CPU-based MPI routine were implemented in CUDA (NVIDIA, USA) and C ++ with the Boost.MPI library, respectively. All simulations were executed on a GPU cluster with 8 GPU units (Tesla C1060; NVIDIA, USA).
The time step ∆t was chosen so that the Courant-Friedrichs-Lewy (CFL) number C = c max ∆t/∆x had a value of 0.1, where c max is the maximum SOS in the system, and ∆x denotes the spatial interval of the cell. This means that ∆t = 10 ns. The total number of time steps computed in each simulation was 15000.
RESULTS
Cone region
The propagation of photoacoustic waves is illustrated in Fig. 2 . For comparison purposes, the propagation of photoacoustic waves through a skull that does not support shear wave propagation is also depicted. The snapshots for t = 23 µs show that the radiation pattern of the waves that travel through the skull in the form of longitudinal waves, which we refer to the L-waves, was highly asymmetric. The L-waves propagating towards the upward direction possessed large amplitudes while the L-waves propagating towards lateral directions possessed small amplitudes. This difference is explained by the occurrence of total internal reflection at the interface of cortical bone and the water-like medium. Since the SOS of longitudinal waves in the water-like medium (c w,l = 1500 m/s) is much smaller than that in cortical bone (c b,l = 3000 m/s), longitudinal waves that enter the skull with a large incident angle ( arcsin c w,l /c b,l = 30 deg.) are totally reflected and thus remain inside the skull. As a consequence, the L-waves that travel through the skull mainly propagate within a cone-shaped region pointing upwards. We will refer to this cone-shaped region as the "cone region." An observation of the snapshots for t = 60 µs indicates that the presence of shear waves in the skull further reduced the amplitude of the L-waves that reached the transducer array. The waves that travel through the skull in the form of shear waves, which we refer to as S-waves, were more prominent when a skull with shear-wave support was employed. Notice that the S-waves possess a sharper wavefront than the L-waves. This is due to the fact that the L-waves travel through a limited aperture that is formed by the occurrence of total internal reflection. By contrast, the S-waves do not experience such a limited aperture because the SOS of longitudinal waves in the water-like medium (c w,l = 1500 m/s) is equal to the SOS of shear waves in cortical bone (c b,s = 1500 m/s). This observation will explain the better resolution achieved by the imaging system that utilizes S-waves as well as L-waves.
Presence of shear waves improves the accuracy of reconstructed images
Since the propagation of L-waves is spatially restricted within a cone region due to the occurrence of total internal reflection, PACT imaging systems that are designed with only L-waves considered in the model inevitably suffer from degraded resolution because of the limited aperture effect. To overcome this difficulty, we propose the use of imaging systems that are designed with the mode conversion to S-waves in the skull in mind and reconstruct images from the information that the S-waves convey through the skull. Fig. 1 shows an example of such imaging systems, in which all transducer elements are placed outside the cone region so that they mainly capture waves that were mode-converted to S-waves in the skull.
To demonstrate that designing a system with the mode conversion to S-waves modeled improves the accuracy of reconstructed images, images reconstructed from simulated photoacoustic signals that travel through skulls with different shear moduli were compared (Fig. 3) . The reconstructed images are specified by the SOS of shear waves in cortical bone (c b,s ), which is given by c b,s = µ/ρ, where µ is the shear modulus of cortical bone. Average stress (= -tr σ / 3) 10 -10 Figure 2 . The average stress, defined as − tr σ/3, which is identical to the pressure when evaluated in the water-like medium, is displayed for demonstrating the propagation of photoacoustic waves through the skull. The spherical shell (shown in black) represents the cross-section of the skull in the xz-plane that passes through the center of the object. The black dots on both sides of the skull show the location of the ring transducer array.
For each reconstructed image, the effective SOS c eff in the back-projection formula (10) was determined so that it minimized the root-mean-square error (RMSE) between the reconstructed image and the true object. As expected, the image reconstructed from the signals for a larger shear modulus was shown to possess a better resolution than the image reconstructed from the signals for a smaller shear modulus. This observation indicates that incorporating S-waves into the imaging model improves the accuracy of reconstructed images.
Accuracy of reconstructed images in the presence of absorption
Finally, we present the preliminary results that demonstrate the accuracy of reconstructed images in the presence of absorption in the skull (Fig. 4) . Images reconstructed from simulated photoacoustic signals that travel through skulls with different absorption coefficients (α) were compared. In this study, the SOS of shear waves in the skull was fixed at 1500 m/s. The value of α for actual cortical bone has been reported as α = 0.96/µs. 13 While the image reconstructed from the signals for α = 0.5/µs exhibited no significant change in resolution, the image for α = 1.0/µs possessed a slightly degraded resolution compared to the image for α = 0.0/µs. However, the resolution of the image for α = 1.0/µs was still better than the resolution of the image that was reconstructed from the L-wave signals (cf. Fig. 3 ). These results show that imaging systems designed with an elastic wave propagation model produce more accurate reconstructed images than imaging systems based on L-waves only, even in the presence of absorption in the skull.
CONCLUSIONS
PACT imaging holds a great promise in transcranial brain imaging owing to its rich optical contrast and deep nonionizing penetration. 4, 5 However, the propagation of photoacoustic waves through the skull introduces significant changes to the observed signals because of the presence of the strong refraction, reflection and attenuation of photoacoustic waves in the skull. These changes can result in distortions and degraded resolution of reconstructed (Fig. 3). images. To mitigate the degraded resolution of reconstructed images, reconstruction algorithms that compensate for the SOS heterogeneity in the skull have been reported, 6, 16 but they can be computationally burdensome for clinical use. The goal of this study was to demonstrate the effectiveness of the use of an imaging system that incorporates the mode conversion to S-waves in the skull into the imaging model for compensating for the degraraded resolution of reconstructed images without burdensome computation.
The computer-simulation studies described above show that the use of an imaging system with the mode conversion to S-waves in the skull modeled successfully mitigated the degraded resolution of reconstructed images introduced by the presence of the skull. The propagation of L-waves was found to be spatially restricted within a cone region, and thus imaging systems that are designed with only L-waves considered in the imaging model inevitably suffer from degraded resolution because of the limited aperture effect. This observation indicates that imaging systems that employ transducer elements located outside the cone region mainly capture waves that were mode-converted to S-waves in the skull and can reconstruct images from the information that the S-waves convey through the skull. We demonstrated that images reconstructed by use of an imaging system with the mode conversion to S-waves considered in the imaging model possessed a better resolution than images reconstructed by use of an imaging system that is designed with only L-waves considered. The preferable nature of the S-wavebased imaging system remained valid in the presence of absorption in the skull. Since the S-wave-based imaging system employs a back-projection algorithm for reconstructing images, it is computationally very efficient and readily applicable for clinical use. This study provides an insight into the wave phenomena in transcranial PACT imaging, as well as a concrete detection design strategy that mitigates the degraded resolution of reconstructed images.
